The effect of N-assimilation on the partitioning of carbon fixation between phosphoenolpyruvate carboxylase (PEPcase) and ribulose bisphosphate carboxylase/oxygenase (Rubisco) was determined by measuring stable carbon isotope discrimination during photosynthesis by an N-limited green alga, Selenastrum minutum (Naeg.) Collins. This was facilitated by a two process model accounting for simultaneous CO2 fixation and respiratory CO2 release. Discrimination by control cells was consistent with the majority of carbon being fixed by Rubisco. During nitrogen assimilation however, discrimination was greatiy reduced indicating an enhanced flux through PEPcase which accounted for upward of 70% of total carbon fixation. This shift toward anaplerotic metabolism supports a large increase in tricarboxylic acid cycle activity primarily between oxaloacetate and a-ketoglutarate thereby facilitating the provision of carbon skeletons for amino acid synthesis. This provides an example of a unique set of conditions under which anaplerotic carbon fixation by PEPcase exceeds photosynthetic carbon fixation by Rubisco in a C3 organism.
The synthesis of some major amino acids depends upon the provision of carbon skeletons from the TCA cycle. Use of TCA cycle intermediates in biosynthesis requires anaplerotic reactions to replenish this drain. It has been shown that NH4I assimilation in the dark enhances PEPcase2 activity which serves this anaplerotic function (2, 6, 7, 13, 19) . In the light, N assimilation increases TCA cycle carbon flow in support of amino acid biosynthesis (2, 8, 13) and results in an increase in TCA cycle CO2 release (5, 28) . Biochemical evidence is consistent with a simultaneous enhancement in PEPcase activity (2, 6, 8, 13) . The role ofthis enzyme in providing carbon 'Supported by the Natural Sciences and Engineering Research Council of Canada.
2Abbreviations: PEPcase, PEP carboxylase; D.n,,5, per mil discrimination against 13C by whole cells corrected for the CO2/HC03-equilibrium isotope effect assuming CO2 as substrate; DT, per mil discrimination against '3C including the CO2/HC03-equilibrium isotope effect; DIC, dissolved inorganic carbon; KIE, kinetic isotope effect; a-KG, a-ketoglutarate; OAA, oxaloacetate; PEP, phosphoenolpyruvate; Rubisco, RuBP carboxylase/oxygenase; RuBP, ribulose bisphosphate.
for aspartic acid synthesis has also been documented by Melzer and O'Leary (17) .
In spite ofthis presumed increase in PEPcase activity during N assimilation in the light, total carbon fixation by N-limited Selenastrum minutum declines significantly during NH4' assimilation (6, 7, 27) . This is correlated with a decline in the levels of RuBP below the active site density of Rubisco implying RuBP limitation of photosynthetic carbon fixation (6) . Thus, N assimilation must cause a major change in the relative significance of these two carboxylating enzymes to total carbon fixation. In this study, we used stable isotope fractionation to determine the partitioning of carbon fixation between these two carboxylating enzymes prior to and during the assimilation ofN by the N-limited green alga S. minutum. This approach is based on the differential discrimination against 13C expressed by Rubisco and PEPcase.
Stable isotope composition has been employed extensively to indicate photosynthetic mode and the primary carboxylating enzyme in plants, as well as to provide other useful process and tracer information about photosynthetic gas exchange (reviewed by O'Leary [20] ). O'Leary et al. (22) , Sharkey and Berry (25) , and Evans et al. (9) have presented techniques for the short-term measurement of isotope discrimination. In the present study we employ a modification of the O'Leary et al. (22) i"C = (Rsample/Rstadard -1) x 1000 where R is the ratio '3CO2/'2C02 and the standard is Pee Dee Belemnite (PDB) limestone.
For isotope fractionation experiments, algae were separated from the chemostat medium by centrifugation followed by washing two times in DIC-free 25 To sample DIC for isotopic composition, aliquots were withdrawn from the cuvette directly into preevacuated and weighed vacuum bulbs containing a volume of phosphoric acid sufficient to kill the algae. In this manner, up to six samples could be taken over the experimental period (usually 1 h or less). Samples were extracted within the next several hours. The contents of each vacuum bulb were discharged into the stripping vessel of a preparation line and the CO2 extracted by bubbling with He under partial vacuum for 45 min. Water vapour was cryogenically removed and the CO2 was trapped on ten loops passing in and out of two liquid nitrogen baths. After further cryogenic separation from contaminating gases, CO2 yields were determined with a calibrated pressure transducer. This provided an accurate measure of the DIC concentration at the time of sampling. The stability of the acidified algal samples waiting on the bench was verified in two experiments by taking several samples simultaneously and extracting them sequentially. Yields of CO2 and 6'3C values were unaffected.
At the end of each experiment, cells remaining in the cuvette were cleaned by centrifugation and washing in deionized water. These were dried for whole cell 6"3C determinations of CO2 prepared by combustion (two replicates each) at 800C according to Macko (15) .
Isotope analyses were performed on Nucide 6-60 and Micromass 903 ratio mass spectrometers. Precision was better than ±0.1 %o. For DIC samples containing`4C, corrections for 'N) content were based on prior knowledge of the 18Q content of medium water with which the DIC had equilibrated.
Other Methods
Light response curves for gross carbon fixation were carried out under control and NH4'-pulsed conditions. Cells were separated from the chemostat medium by centrifugation and resuspended in 25 mm Hepes (pH 7) buffer. Procedures were as above except that a water-jacketed glass cuvette was used. Incubations were for 30 min and DIC concentration was determined as in Miller et al. (18) .
Chl concentration was measured by extraction in methanol (6) . Algae used in the respiration experiments were pooled and the starch extracted according to methods outlined in Hassid and Abraham (12) and Abraham and Hassid (1) . The starch was combusted in two replications for 6'3C analysis as described above.
Calculations and Two Process Model
Although all discrimination factors reported here have been determined by substrate analysis (4), two methods of calculation were used. Where substrate levels are depleted due to an uptake process in the absence of a replenishing source, per mil discrimination factors (D) can be calculated from the "Rayleigh" equation (modified from Kroopnick and Craig [14] ):
where R is the isotope ratio of the substrate at the time of sampling, Ro is the initial isotope ratio, and fis the fraction of substrate left. A plot of ln R/Ro x 1000 versus -lnfyields a straight line, which can be fitted by regression through the origin, with slope D (16 
Solution of this differential equation yields:
C, = (C0 -k2/ki)e-klt + k2/kl, (3) where C0 is the initial DIC concentration and C, is the DIC concentration after time t. Equation 3 is very similar to one provided by O'Leary et al. (22) where the term k2/kl was replaced with the CO2 compensation point concentration as a means of obtaining information about the respiration rate. Our approach differs in that we have measured the rate of respiratory CO2 efflux more directly as being the difference between gross fixation (14C uptake) and net fixation (change in total DIC concentration). Separate equations in the form of equation (3) can be written for '3C and for 12C. Although uptake of "3C and 12C are actually competing processes, the change in relative abundance of these isotopes during an experiment is so small that this can be ignored. Then`3k2 and 12k2 are the rates of '3CO2 and 12CO2 respiratory efflux and 13k1 and '2k, are the rate constants for 3GCO2 and 12C02 fixation. The ratio '3k2/12k2 will equal the 13CO2/'2C02 ratio of the respired CO2, which we take to be +7.85%o relative to whole cells (see results). For our purposes, '3k, and 12k1 were calculated by iteration until the known values of`3k2, 12k2, "3Co and '2C0 yielded the known values of 13C, and '2C,. The ratio 12k1/'3k1 is then equal to the kinetic isotope effect (KIE) for carbon fixation and is related to per 
Gas Exchange in the Light
The addition of NH4' resulted in a suppression in both net and gross carbon fixation (Table II) . As was the case in the dark, NH14 assimilation also caused an enhancement in respiratory CO2 release.
Effects of Light and NH4, on Gross Carbon Fixation
Control cells exhibited a standard light saturation curve (Fig. 1) . Saturation was reached at an incident irradiance of approximately 250 ,E* m2 *s'. In cells which were assimilating NH+, dark carbon fixation was high. Increased irradiance caused a much lower increase in carbon fixation relative to control cells (Fig. 1) . Saturation was reached at the same light Figure 3 . Carbon isotope discrimination by N-limited low C02 grown S. minutum during photosynthesis in the absence of NH4+. Results are presented as described in Figure 2 . Gross carbon fixation and C02 evolution were 21 1 and 13 Mmol C02 mg-'Chl *h-, respectively (not corrected for 14C02 discrimination). Cell density was 7.65 ,g Chl * ml-' and the calculated mean irradiance was 422 ME. m2 * ± 0.81 %o, n = 4). A nearly identical enrichment was observed in the starch from these same cells (7.36%o). The composition of respired CO2 was unaffected by NH4' assimilation even though the rate of CO2 release increased severalfold (Fig. 4) , diluting the exogenous pool of DIC 2 to 3 times.
Isotope Discrimination during NH44 Assimilation and the Application of the Two Process Model
Changes in the 6'3C of exogenous DIC were monitored during photosynthesis at various light intensities. Representative examples of a control and an NH4+-pulsed experiment at saturating light are presented in Figure 5 . Isotope data are superimposed upon model-generated scenarios for the ex-24 1lant Physiol. Vol. 89, 1989 pected changes in 6'3C of DIC over time for a range of hypothetical discrimination factors and the measured rates of carbon fixation and respiratory CO2 release.
Unlike the situation in the dark the isotopic composition of DIC during photosynthesis did not remain constant (Fig.   5 ). This was true under both control and NH4' pulsed conditions. However, the divergence from the 6'3C value of the source (i.e. respired) carbon was much more dramatic in the absence of NH4+ than in its presence. Approximately 40 mn following NH4' addition, isotopic discrimination had become more pronounced but remained less than controls. Figure 6 shows the complete data set. Discrimination by controls was constant and not significantly affected by light intensity. Total discrimination was 34.7 ± 1.5%o ( of greater than 450 ,uE m2.s' and 32.0 1 1.6%o (SE, n =7) at irradiance between 80 and 100 uE. m2s'. The mean total control discrimination of 33.4%o is reported in Figure 6 and was 3.8%o lower that obtained through Rayleigh analysis (Fig.  2) . This value was close to the DT expected if Rubisco were the only carboxylating enzyme. Figure 6 also reports discrimination factors determined over the indicated time intervals during NH4' assimilation. These values were based upon the appropriate respiratory rates and the initial rates of gross carbon fixation specific to each interval. It with a discrimination factor of 29.4%o (11, 24) , whereas PEPcase fixes HC03-and discriminates against H13C03 by -Pulsed Figure 5 . Model generated scenarios for the change in 613C of DIC over time for a range of discrimination values plotted with actual experimental resuits for representative control and NH4+ pulsed experiments. The measured initial rate of gross carbon fixation (302 Mmol C02-mg Chl-' *h-' for the control and 182 Mmol C02.mg Chl-'-h-1 during NH4+ assimilation) and mean rate of respiratory C02 release were used in the model predictions. In the control experiment, cell density was 1.8 Mg Chl-mlm' and irradiance was 533 ME . m-2.*s1. In the NH4+ pulsed experiment cell density was 2.8 Mg Chl.ml-' and irradiance was 493 ME. 2.0%o (21) . Due to the equilibrium isotope effect of 9%o between CO2 and HCO3-and because most ofthe DIC, which is the substrate analyzed, is in the form of HCO3-at pH 7.0, fixation of CO2 by Rubisco should result in a measured discrimination (ie. DT) of 36.9%o. For similar reasons, fixation of HC03-by PEPcase should result in a measured discrimination of only 0.5%o. These discrimination factors can be used as end members for the estimation of the partitioning of carbon fixation between Rubisco and PEPcase.
In the absence of a significant effect of respiration in the light, as in control experiments, Equation 1 can be used to calculate discrimination from measurements of the enrichment of 13C-DIC in the aqueous medium of the cell suspension (Fig. 2) . After correcting for the C02/HC03-equilibrium isotope effect, the discrimination exhibited by whole cells was 29.7%o, reflecting the predominance of carbon fixation by Rubisco. If diffusion were at all limiting to photosynthesis (23) , this large discrimination would not have been possible. Beardall et al. (3) , have suggested that N-limitation may induce a CO2 concentrating mechanism resulting in less discrimination. This is apparently not the case with S. minutum. However, when this alga was grown under conditions of low CO2 we observed a decrease in discrimination to 20%o, presumably reflecting the induction of a CO2 concentrating mechanism (25) . To minimize confounding influences, further experiments were therefore carried out with high CO2 grown cells.
Although the Rayleigh equation approach to calculating D appears adequate for control conditions, the resulting high respiration rates during N assimilation necessitates a more sophisticated approach. Knowing the rate of gross and net carbon fixation and therefore respiration, a two process model based on Equation 3 can be used to determine discrimination by carbon fixation where the effects of respiration have been taken into account. A requirement of this model is that the isotopic composition of respired CO2 be known. Measurements of the 6'3C of CO2 respired in the dark were approximately 8%o heavier than total cell carbon (Fig. 4) . This may be partially due to the high levels of lipid in N-limited cells and the relative depletion of lipid in "3C (26) . The isotopic composition of purified starch was nearly identical to that of the respired carbon from the same cells. This supports our belief that starch was the primary substrate of respiration and is consistent with our observation of NH4W-stimulated starch breakdown in the light (6) . Figure 5 presents a family of model-generated curves (based on Eq. 3) representing different scenarios for change in 6 The model-generated curves in Figure 5 are based on the assumption that the kinetic constants of photosynthesis and respiration do not change with time. This is valid for the control but is not true following NH4+-pulsing. A more accurate approach is to compare each successive pair of 6'3C values and calculate discrimination using the rates of carbon fixation and respiration measured during each interval. Using this approach at saturating irradiance (>250 ME m-2. S-), total discrimination for control cells (DT) was 34.7 ± 1.5%o (SE, n = 8). To Figure 6 provides a summary of all NH4' assimilation experiments. Calculated discrimination factors are represented by bars covering the time interval over which they were calculated. These are compared to the control discrimination (33.4%o) which was taken as the mean of both the high and low light values previously reported. These data show that upon the initiation of NH4 assimilation by NH4' addition, the significance of carbon fixed through PEPcase increases dramatically and exceeds that of Rubisco. The data also suggest that the significance of PEPcase to total carbon fixation is slightly greater at low light.
Our results, coupled with previous work from this laboratory, allow us to make several conclusions as to the effects of NH4' assimilation on carbon fixation by N-limited Selenastrum. At high irradiance, NH4' addition results in a major decrease in carbon fixation. This is in part due to RuBP limitations of photosynthetic carbon fixation (6) (7) (8) J~t -----T r X -T TI -T----- Figure 7 . Representation of the interaction between NH4+ assimilation and carbon fixation by Rubisco and PEPcase. The discrimination factors for the enzymes (DE) are shown, as is the equilibrium isotope effect associated with the C02/HCO3-equilibrium at pH 7. Total discriminations are also indicated (DT). See "Discussion" for details.
suggests that 70 to 87% of carbon fixation was accounted for by PEPcase and the balance by Rubisco.
Evidence for Partial TCA Cycle Activity in Support of N Assimilation If PEPcase is functioning in an anaplerotic capacity, a significant proportion of TCA cycle carbon flow must be directed to biosynthesis. Inspection of the RQ values (Table  I) suggest this is the case. In the dark, operation of the TCA cycle as a closed loop with carbohydrate as substrate results in the release of three CO2 per triose entering the cycle and the generation of six electron pairs (2e-), two from glycolysis and four from the TCA cycle (Fig. 7) . If all the electrons are passed to 02 during respiration, the RQ (CO2 evolved/02 consumed) would equal 1. Nitrogen assimilation requires TCA cycle carbon flow to provide organic acids for amino acid synthesis. The addition ofNH4' to N-limited S. minutum results in a dramatic increase in the rate of TCA cycle carbon flow and associated CO2 release (5, 28) . Ifa significant portion of this enhanced carbon flow through the TCA cycle were removed as a-KG and used for net glutamate synthesis, an equal molar flow of carbon would have to enter via PEPcase (Fig. 7) .This would result in the net generation of only three 2e-per a-KG produced; specifically, two 2e-would result from the flow of two trioses through glycolysis (one as substrate for PEPcase and the other for pyruvate kinase), one 2er from pyruvate dehydrogenase, and one 2e-from isocitrate dehydrogenase. At the same time however, reductive amination of a-KG would consume one 2e-. Net CO2 release would also decline to one CO2 per a-KG produced as a result of only two CO2 being released prior to the production of a-KG and the required fixation of one CO2 (as HCO3-) by PEP carboxylase. Overall, the operation of a partial TCA cycle during NH4' assimilation should cause the RQ to decline by one third to 0.66.
Examination of the data in Table I shows that the control RQ was 1.1 to 1.3. As expected, NH4+-pulsing caused a drop of approximately one third to 0.78 suggesting that during NH4' assimilation a significant portion of carbon entering the TCA cycle is exported and used in biosynthetic processes. This conclusion is consistent with radiotracer studies (2, 8, 13) .
CONCLUSION
We have used short term measurement ofisotopic fractionation to determine the partitioning of carbon fixation under changing conditions. Our results show that NH4' assimilation by N-limited S. minutum caused a major shift in carbon fixation from Rubisco to light-independent fixation by PEPcase. This provides an indication of the importance of PEPcase in the production of carbon skeletons for amino acid biosynthesis (i.e. Asp, Glu, Gln) and provides an example of conditions under which carbon fixation via PEPcase exceeds that of Rubisco during photosynthesis in a C3 organism. Furthermore, the observation of the PEPcase isotope effect (or rather, relative lack of one), taken in concert with measured RQ values, provides good evidence that the stimulation of the TCA cycle during NH4' assimilation is only partial, with the majority of carbon entering as OAA and acetyl CoA and being removed as a-KG.
